Introduction 37
Recent evidence suggests that microbial populations in spatially and chemically 38 fragmented habitats exhibit geographic structure (Whitaker et impact the evolution and diversity of bacteria, the origin and evolution of bacteria-vent 47 invertebrate symbioses, and the assemblage of hydrothermal vent communities. 48
The fragmented distribution of deep-sea hydrothermal vents lies in stark contrast 49 to the uniform conditions of the marine abyssal zone (Tunnicliffe, 1988 (Tunnicliffe, , 1991 ; 50
Tunnicliffe and Fowler, 1996; Van Dover, 2000). Discrete hydrothermal vent fields are 51 comparable to islands, distributed in a spatially, chemically, and temporally patchy 52 chain along the deep-sea ridges and remote, off-axis sites (Tunnicliffe, 1988 (Tunnicliffe, , 1991 ; 53 analyses, chemoautotrophic and methanotrophic symbionts of the mussels formed 141 separate, well-supported monophyletic clades that were nested with chemoautotrophs of 142 vent-endemic vesicomyid clams and free-living methanotrophs, respectively (Fig. 3) . 143
This finding demonstrates the tight ecological and historic specificity of the interaction 144 between the mussels and two distinct subsets of the γ Proteobacteria. While both 145
Bayesian and maximum parsimony analyses inferred similar tree topologies, the deep 146 relationships among the mussel methanotroph, mussel and clam chemoautotroph, and 147 other symbiont clades remain uncertain (for α = 0.05). Finally, the occurrence of both 148 symbiont phylotypes across the 2-3 mussel species demonstrated a lack of host fidelity 149 and implied that both methanotrophs and chemoautotrophs were acquired from the local 150 environment. 151
All mussel individuals harboured several, distinct chemoautotrophic symbiont 152 ITS-genotypes (Genbank accession numbers X through Y). Twenty-four percent of the 153 ITS-genotypes from Lucky Strike and 38% from Snake Pit were shared among host 154 individuals within each of those localities (Fig. 4) . In contrast, the two Lost City host 155 mussels had no chemoautotroph ITS-genotypes in common with each other, possibly 156 8 owing to the small population size of mussels at that location. The occurrence of 157 multiple, geographically restricted chemoautotroph ITS-genotypes within an individual 158 host reinforced the contention that each individual mussel acquired its symbionts from 159 the local, free-living bacterial community as shown by the distribution of 16S rRNA 160 phylotypes in this study and previous analyses of ITS variation (Won et al., 2003) . 161
162

Biogeography of bathymodioline chemoautotrophic endosymbionts 163
Analyses of ITS sequence data showed that the chemoautotrophic symbionts of 164 bathymodioline mussels were not distributed ubiquitously, but rather exhibited 165 population structure associated with geographic location. This finding, which contrasts 166 with the observed ubiquity of the 16S rRNA phylotype (above and Duperron et al. included symbionts from both Lucky Strike and the Lost City (Fig. 4) . Furthermore, the 174 overall estimates of θ (= 6.9) and T (= 1.6) from MDIV imply that the northern and 175 southern populations of Bathymodiolus chemoautotrophic symbionts in the north 176 Atlantic (as defined by the ITS-clades) are large and historically have been separated 177 from one another. 178
Our genetic analyses revealed that populations of chemoautotrophic symbionts 179 inhabiting different hydrothermal vent fields were isolated and experienced independent 180 9 demographic histories. First, populations of chemoautotrophs at the Lost City and 181
Lucky Strike were more genetically diverse, as estimated by θ based on the number of 182 segregating sites (W) and the average pair-wise nucleotide diversity (π) for haploid 183 genomes, than the population at Snake Pit (Table 1) . Moreover, Tajima's D tests of 184 neutrality suggest that the populations at the Lost City and at Lucky Strike have been 185 demographically stable, whereas the symbionts at Snake Pit likely experienced a 186 population bottleneck (a reduction in population size followed by rapid population 187 growth; Table 1 ). We cannot rule out, however, the possibility of a selective sweep for 188 distribution of symbiont phylotypes across multiple host species suggest that both 215 methanotrophs and chemoautotrophs of mussels in the northern Atlantic are acquired 216 from the environment, rather than being transmitted from mother to offspring each 217 generation as for the closely related chemoautotrophs of another vent bivalve, 218
Calyptogena magnifica (Cary and Giovannoni, 1993). This finding implies that mussels 219 acquire symbionts from the local community when they colonize a site and has 220 implications for local adaptation of symbionts to that environment. 221
Chemoautotrophic symbiont populations hosted by bathymodioline mussels 222 were inferred to be isolated from each other because no ITS-genotypes were shared 223 among the three hydrothermal fields. the distance between the Lost City and Snake Pit to the south (832 km), the Lost City 239 chemoautotrophs cluster with those in the north (Fig. 4) . Thus, we inferred that distance 240 did not have as large an effect on isolation as did topographic features that likely 241 influence deep-ocean currents. For instance, the two ITS-clades (Fig. 4) 
Genetic sampling and analyses 311
To resolve evolutionary relationships, the symbiont(s) 16S rRNA gene was 312 amplified using the universal bacteria primers 27f and 1492r (Weisburg et al., 1991) , 313 from multiple specimens of the three vent sites, gel purified (Qiagen Gel Extraction 314 Kit), and cloned (TOPO TA Cloning Kit; Invitrogen Corp., Frederick, MD). Thirty-two 315 clones per host population were analyzed (16 for each of the two mussels from the Lost 316 City and two clones for each of 16 mussels at both the Lucky Strike and Snake Pit 317 sites). The legitimacy of point mutations in all unique phylotypes was evaluated using 318 Escherichia coli as an outgroup; see Table 3 for Genbank accession numbers) were 341 inferred using maximum parsimony in PAUP 4.10b (Swofford, 2003) and Bayesian 342 posterior probabilities implemented with MrBayes v3.0b4 (Huelsenbeck and Ronquist, 343 2001). Maximum parsimony trees were generated on PAUP 4.10b (Swofford, 2003) , 344 with heuristic searches, random sequence addition with 100 replicates, and TBR branch 345 swapping. Significance was determined from a 1000 replicate bootstrap analysis using 346 the same search parameters. From the Bayesian analysis, using four-chain Metropolis-347 16 coupled Markov chain Monte Carlo (MCMCMC) analysis, a consensus tree of 11,000 348 post burn-in sampled trees was generated in PAUP 4.10b (Swofford, 2003) Table 3 . List of bacteria and Genbank accession numbers used to generate the 16S 553 rRNA phylogeny for γ-Proteobacteria (Fig. 3) . 554
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